Abstract The adverse effects of deep brain stimulation (DBS) surgery on swallowing could potentially exacerbate the natural deterioration of airway protection associated with Parkinson's disease (PD) degeneration and increase the incidence of aspiration pneumonia and associated death. There are no studies that compare swallowing outcomes associated with subthalamic nucleus (STN) versus globus pallidus interna (GPi) DBS surgery; therefore, we completed a retrospective study comparing swallowing outcomes in a cohort of patients with PD who underwent unilateral DBS surgery in either the STN or GPi. A chart review was completed to identify all patients with a diagnosis of PD who received videofluoroscopic swallowing evaluations before DBS and after unilateral DBS in the STN or GPi. The retrospective search yielded 33 patients (STN = 14, GPi = 19) with idiopathic PD who met the inclusion criteria. Mean penetration-aspiration (PA) scores did not change significantly for participants who underwent GPi surgery (z = -.181, p = .857), but mean PA scores significantly worsened for participants who underwent STN DBS (z = -2.682, p = .007). There was a significant improvement in Unified PD Rating Scale (UPDRS) scores off medication before surgery, to off medication and on stimulation after surgery for both groups (F = 23.667, p \ .001). Despite the limitations of a retrospective analysis, this preliminary study suggests that unilateral STN DBS may have an adverse effect on swallowing function, while unilateral GPi DBS does not appear to have a similar deleterious effect. This study and other future studies should help to elucidate the mechanisms underpinning the effects of DBS on swallowing function.
Introduction
Deep brain stimulation (DBS) surgery into the subthalamic nucleus (STN) and the globus pallidus interna (GPi) has been found to produce a similar therapeutic benefit for common motor impairments such as tremor, rigidity, and bradykinesia [1] [2] [3] [4] . However, when considering the longterm outcomes of patients with Parkinson's disease (PD) following DBS surgery, it is necessary to determine whether one DBS target is less disruptive to swallowing function than the other, or whether one might actually improve swallowing. This is of critical importance since any adverse effect of DBS on swallowing could actually exacerbate the natural deterioration of airway protection associated with PD degeneration and increase the incidence of aspiration pneumonia and associated death.
Studies comparing nonswallowing-specific outcomes after STN and GPi DBS in PD have suggested that axial functions are more negatively impacted with STN DBS than with GPi DBS. Specifically, a few studies have revealed the possibility that GPi DBS results in fewer adverse events (i.e., surgical, device-related, pneumonia, falls, and death) [4] [5] [6] , an improved quality of life [7, 8] , and a reduced frequency of postoperative neurocognitive and mood changes [2, [9] [10] [11] . Based on these data, some researchers have suggested that GPi DBS may be ''safer'' for swallowing function than STN DBS [5] , but there have been no empirical studies comparing swallowing outcomes in patients treated with STN versus GPi DBS [12] . The aim of this retrospective study was to compare swallowing outcomes in a cohort of patients with PD who underwent unilateral DBS surgery in the STN versus GPi.
Methods

Participants
Participants included in this analysis provided informed consent and were enrolled in an Institutional Review Board (IRB)-approved DBS database (INFORM-PD). A chart review was completed to identify all participants with a diagnosis of PD who received videofluoroscopic swallowing (VFS) evaluations before DBS and after unilateral DBS in the STN or the GPi. All procedures were performed at the University of Florida Center for Movement Disorders and Neurorestoration (UF CMDNR) between August 2010 and June 2013. All potential DBS patients were evaluated by a multidisciplinary team (neurology, neurosurgery, neuropsychology, psychiatry, physical therapy, occupational therapy, and speech/swallow therapy) as part of a standardized protocol to determine candidacy for DBS. Within this protocol patients received a VFS before DBS, and then returned to the UF CMDNR 6 months after unilateral DBS implantation for a complete re-evaluation, including a repeat VFS. DBS target selection (STN vs. GPi) was not randomized but was selected by the multidisciplinary team based on the preoperative profile, the risk-benefit analysis, and the expectations of the individual patient for specific symptom improvement. At the UF CMDNR, DBS surgery is generally staged such that the benefits of the unilateral lead are assessed prior to bilateral lead implantation. Studies have identified bilateral improvement with unilateral lead placement; therefore, some patients do not require an immediate second lead. In addition, there is evidence of fewer adverse effects with unilateral DBS surgeries versus bilateral surgeries [11, [13] [14] [15] .
Surgical Procedure
Frame-based, stereotactic DBS lead implantations were performed under local anesthesia. Targeting was performed using stereotactic computerized tomography (CT) fused to high-resolution gadolinium-enhanced MPRAGE plus FGATIR MR imaging, and deformable three-dimensional atlas matching to facilitate direct patient-specific target and trajectory selection, avoiding cortical and periventricular veins, sulci, and ventricles. Multiple-pass microelectrode mapping was used to verify and refine target selection physiologically. The DBS leads (model 3387, Medtronic, Minneapolis, MN) were implanted at the selected site, and intraoperative macrostimulation via the implanted lead was used as a final confirmation of appropriate lead position. Pulse generators were implanted and the DBS devices were activated 1 month after intracranial lead implantation. Following initial DBS activation, repeated follow-up evaluations were performed during the first 6 months to optimize chronic stimulation parameters and make appropriate medication adjustments. All postoperative adjustments of DBS parameter settings were performed while the participants were in an off-medication state (i.e., medications were held the night before programming sessions).
Swallowing Evaluations and Clinical Outcomes
Each patient received VFS evaluations before and after unilateral DBS implantation. Swallowing studies were completed by a licensed and certified speech-language pathologist (SLP) with clinical expertise in the evaluation of swallowing in people with PD. VFS evaluations are considered by most SLPs to be the gold standard for evaluation of swallowing, particularly in populations with silent aspiration and diffuse swallowing impairment. Pre-DBS swallowing studies were completed with the patients ''on'' PD medications. Post-DBS swallowing studies were completed with the patients ''on'' PD medications and ''on'' optimized DBS stimulation. Participants were seated upright and positioned in the lateral viewing plane using a properly collimated Siemens radiographic/fluoroscopic unit. The images were recorded at the standard 30 frames per second. The standardized swallowing evaluation consisted of swallowing barium contrast boluses of different consistencies: two trials of one teaspoon of thin liquid, one single bolus of thin liquid by cup, one sequential swallow of thin liquid by cup, one teaspoon of pudding, one teaspoon of pudding mixed with a solid (i.e., graham cracker), one single bolus of thin liquid by cup, and one barium tablet.
Several swallow-specific measures were obtained from VFS evaluations. Measurement of swallowing outcomes was completed by trained and certified SLPs. The primary swallowing outcome selected for this analysis was the penetration-aspiration (PA) scale score [16] . The PA scale is a clinically validated tool for assessing airway compromise during swallowing. A score of 1 indicates the safest swallow with no penetration or aspiration and a score of 8 indicates the most compromised swallowing safety, with contrast entering the airway without the presence of a cough response (i.e., silent aspiration).
The Swallowing Quality of Life Questionnaire (SWAL-QOL) [17] is a validated assessment tool used to determine a participant's quality of life related to swallowing function. This measure consists of 44 questions, each rated on a 5-point Likert scale where a lower score indicates worse swallowing-related QOL and a higher score indicates better swallowing-related QOL. The items are categorized into ten subscales that address various domains, including fear of swallowing, burden of swallowing, social impact of swallowing dysfunction, and a symptom profile. Patients completed the SWAL-QOL at each of the two swallowing evaluation time points.
UPDRS Motor Part III scores were collected in an unblinded fashion by a trained neurologist, nurse practitioner, or physician's assistant at the UF CMDNR during each clinical visit, before and 6 months after unilateral DBS surgery. Evaluations were conducted with participants on and off medication before DBS. Post-DBS evaluations were performed on medication while on and off stimulation, and off medication while on and off stimulation. Levodopa equivalent dose (LED) [18] was calculated before and after DBS.
Statistical Analysis
Descriptive statistics were utilized to compare the baseline characteristics of the STN and GPi groups. Statistical analysis was performed using a repeated-measures analysis of variance to compare swallowing and motor outcomes in the STN and GPi groups before and after DBS implantation. Time of evaluation (pre-DBS and post-DBS) was used as the repeated factor. The independent variable was the DBS target (STN or GPi) and the dependent variables included PA score, SWAL-QOL scores, UPDRS scores, and LED. Nonparametric statistics were applied for post hoc comparisons. Probability values \.05 were considered significant. Statistical analyses were performed using SPSS 21.0 for Windows (SPSS, Inc., Chicago, IL, USA).
Results
Patient Characteristics
The retrospective search yielded 33 patients (STN = 14, GPi = 19) with idiopathic PD who met the inclusion criteria. Patients who underwent bilateral DBS surgeries, already had at least one lead in place, did not undergo both pre-and post-DBS swallowing evaluations, or experienced severe complications (e.g., intracerebral hemorrhage) were excluded from the analysis. Demographic information, including age at surgery, disease duration, UPDRS, and surgery-specific variables, is included in Table 1 .
Effect of Surgery on Swallowing Outcomes
The repeated-measures ANOVA identified a statistically significant interaction that PA scores differed significantly between time points by surgery type (F = 4.545, p = 0.041; Fig. 1 ). Mean PA scores did not change significantly for participants who received GPi surgery (z = -.181, p = .857) but significantly worsened for participants who received STN DBS (z = -2.682, p = .007). Of note, the groups were significantly different at baseline (z = -2.924, p = .003) but not after DBS surgery (z = -.419, p = .675). Repeated-measures ANOVA identified no significant change in SWAL-QOL scores from before to after surgery for either group of patients (F = 1.466, p = .239).
Effect of Surgery on UPDRS and LED
There was a significant improvement in UPDRS off medication before surgery to UPDRS off medication and on stimulation after surgery for both groups (F = 23.667, p \ .001). This was also the case for UPDRS on medication before surgery to UPDRS on medication and on stimulation after surgery (F = 4.806, p = .038). In addition, there was a trend toward a significant decrease in LED after surgery (F = 3.645, p = .067), which again was independent of lead location. Means and standard deviations for all outcomes are reported in Table 2 .
Discussion
Deep brain stimulation (DBS) surgery is quickly becoming the management option of choice for persons with advanced Parkinson's disease (PD). The two subcortical structures that are most commonly targeted in DBS surgery for the treatment of PD are the STN and the GPi [4] . Although STN and GPi DBS are generally considered safe and effective for the treatment of people with PD [1] [2] [3] [4] , important unanswered questions remain regarding the impact of DBS on less studied but important motor functions such as swallowing [12] . Understanding the effects of DBS on swallowing function is timely as DBS continues to gain traction as a management option in PD and is especially important considering that aspiration pneumonia, secondary to degenerative airway protective deficits, is a leading cause of death in the PD population [19] .
The current retrospective analysis is the first study to compare swallowing outcomes associated with STN versus GPi DBS in patients with PD. There have been a few studies that investigated swallowing outcomes as related to STN surgery [20] [21] [22] [23] [24] [25] , but none have identified robust functional changes (either positive or negative) with surgery [12] . As is usually the case with DBS surgery, the participants in this study demonstrated an improvement in UPDRS scores independent of whether they received STN or GPi DBS. This finding was supported by the literature which has revealed comparable motor improvements in patients who receive STN versus GPi DBS in several randomized clinical trials [1] [2] [3] [4] . In addition, there was a trend toward decreased LEDs in this group, again, independent of lead location. Interestingly, it was only the physiological measure of swallowing function that demonstrated a differential effect of lead location on the measurable outcome.
Results revealed a differential effect of DBS on PA scores as a function of lead location, whereby patients who underwent unilateral GPi DBS had no change in swallowing safety after DBS, but those who underwent STN DBS had a significant worsening of PA scores after surgery. Of concern is the obvious selection bias inherent in a retrospective study. In the case of these data, there were different levels of swallowing impairment in the STN versus GPi groups, with the GPi DBS group presenting with worse swallowing safety at baseline. At the UF CMDNR, the GPi target is selected more often for patients with more impaired swallowing and/or cognitive functioning at baseline. This approach to target selection is based on studies that have identified GPi DBS as resulting in fewer negative cognitive outcomes as compared to STN DBS, and results of large clinical trials which have reported fewer swallowing adverse events with GPi DBS as compared to STN DBS [1, 2, 4, 5, 9, 11] .
At baseline, the GPi group had a median PA score of 5 (penetration to the level of the vocal folds with residue) and the STN group had a median PA score of 1 (the lowest score on the PA scale: no penetration or aspiration), but the median scores after surgery indicated that most patients who received STN DBS were then penetrating above the level of the vocal folds. This is a clinically significant change. Interestingly, the GPi group showed maintenance of swallowing function, i.e., no improvement or worsening of swallowing function. One explanation for this is that the patients who received STN DBS surgery did not respond as well to DBS as those who received GPi DBS, but this theory is not supported by the data. Patients in both groups demonstrated improvement in baseline UPDRS off-medication scores to UPDRS off-medication, on-stimulation scores. Participants also demonstrated a trend toward reductions in LED. Values are mean (standard deviation) Fig. 1 The repeated-measures ANOVA identified a statistically significant interaction revealing that penetration-aspiration scores differed significantly between time points by surgery type, with mean penetration-aspiration scores not changing significantly for participants who received GPi surgery (dotted line), but mean penetrationaspiration scores significantly worsening for participants who received STN DBS (solid line)
Patient reported swallowing-related quality of life was not significantly different between the groups. In fact, there was no significant change in SWAL-QOL scores after DBS in either group, despite the differential effects to swallowing safety in those who received STN versus GPi DBS. This finding is not completely surprising given the lack of awareness of swallowing dysfunction often associated with PD. In fact, silent aspiration (aspiration without appropriate cough response) occurs in one-third of patients with PD and lack of awareness of dysfunction has been identified in several other subsystems [26] . This highlights the need to closely monitor swallowing function in patients with PD, particularly post-DBS surgery, given that they may be unreliable swallowing historians.
Given that all swallowing evaluations were completed with the patients on medication at baseline and on medication and on stimulation after surgery, there is no way to determine whether the differences in swallowing function from before to after surgery were a result of DBS stimulation or the microlesion created during surgery [3] . Interestingly, comparisons of UPDRS scores at baseline (on medication) to UPDRS scores after surgery (on medication and on stimulation) (same conditions as for the swallowing studies) revealed that both groups (STN and GPi) had significant improvement in UPDRS scores independent of group membership. This further supports the hypothesis that DBS in the STN compared to the GPi has differential effects on corticospinal versus corticobulbar functions and on axial versus appendicular functions.
The mechanism to explain the differential effects of STN versus GPi DBS on swallowing motor outcomes is not entirely clear. It is possible that the differential effect is secondary to the differences in the reciprocal connections between the pedunculopontine nucleus (PPN) and the GPi or STN. The GPi inhibits the PPN, whereas the STN excites the PPN [27, 28] . In addition, the nucleus tractus solitarius, one of the nuclei that form part of the central pattern generator for swallowing, receives cholinergic input from the PPN [29] . It is not clear whether this same differential effect of GPi and STN DBS is seen on other corticobulbar-mediated functions such as speech and cough, but there is evidence to suggest that GPi DBS also results in fewer adverse effects to gait, an axial function [5, 30] . Another theory is that the small size of the STN as compared to the GPi results in greater spread of activation to adjacent neural structures that might adversely affect swallowing outcomes. Yet others might hypothesize that the effects are the result of simple capsular or corticobulbar spread of stimulation. Future studies planned by our laboratory will address these questions.
Conclusion
There are a very limited number of experimental studies that have evaluated the effects of DBS on swallowing function in patients with PD [12] . Despite the limitations of a retrospective analysis, this preliminary study suggests that STN DBS may have an adverse effect on swallowing function, while GPi DBS does not appear to have a similar deleterious effect. Our research group is currently conducting a study to prospectively assess changes in swallowing and cough functions resulting from DBS surgery. This study and other future studies should help to elucidate the mechanisms underpinning the effects of DBS on swallowing function and potentially lead to modification of 
